High brightness ion beams are crucial for a variety of applications such as focused ion beam systems [1] and ion microscopes [2] . Recently, a new kind of ion source was proposed, the ultracold ion source (UCIS) [3, 4] , based on laser-cooled atoms. The UCIS is characterized by a low effective source temperature [5] and an extended source size [3] . Compared to liquid metal ion sources [6] and ionic liquid ion sources [7] , it offers the advantage of a much reduced energy spread [8] and thus reduced chromatic aberration in focused ion beam columns at comparable (predicted) brightness. In comparison with the He-gas field emission source [2] , the brightness is lower, but stable operation is possible with isotopically pure and strictly singly ionized beams of several ionic species, both light (e.g., Li þ ) as well as heavy (e.g., Rb þ and Cs þ ). This makes it an attractive source for ion microscopy as well for sputtering applications. In this Letter, we show that, additionally, the UCIS enables manipulation of the ions by time-dependent electric fields to control both the longitudinal and the transverse phase-space distribution. Not only linear but also higher order beam manipulations are possible, which opens exciting new possibilities to correct for spherical and chromatic aberrations, which are presently limiting the spatial resolution [1] .
The idea of time-dependent manipulation has been discussed before. In secondary ion mass spectroscopy [9, 10] , for example, it is used to improve the mass resolution. Aberration correction with time-dependent electric [11, 12] and magnetic fields [13] has been the subject of several theoretical studies but has not yet been demonstrated experimentally [11] . The use of time-dependent fields to manipulate ion bunches is therefore not limited to the UCIS source; however, the properties of the UCIS make practical implementation easier. The low initial thermal velocities and the extended source area of the UCIS allow the creation of well-defined beams at very low energies [8] . The small velocities of the ions then allow temporal manipulation at experimentally feasible time scales. In this Letter, we demonstrate how this may be used for reduction of the longitudinal energy spread caused by the initial size of the source, the limiting factor up to now [8] . We also show that it is possible to create a versatile, fully adjustable lens with control over the sign of the focal length and the spherical aberration coefficient. Importantly, we circumvent Scherzer's theorem [11, 14] , a major restriction in conventional static cylindrical systems, which states that spherical aberration coefficients are always positive, so cancellation of the aberration is not possible. With timedependent fields there is no such restriction. We show that, by switching the lens voltage, the sign of the coefficient can be reversed. This may lead to the development of aberration-corrected focusing columns.
In our UCIS experiments, a laser-cooled atomic cloud is trapped inside a cylindrically symmetric accelerator structure. Part of the cloud is pulsed ionized to create ion bunches, which are subsequently accelerated in the z direction; see Fig. 1 . The symmetry of the system makes it possible to write the complete field as an expansion in the z component of a (static) on-axis electric field E z ðzÞ [15] . The time-dependent electric field is modeled as E z ðz; tÞ ¼ e z ðzÞV a ðtÞ, with V a ðtÞ the time-dependent anode voltage and e z ðzÞ ¼ E z ðzÞ= R 1 0 E z ðzÞdz the normalized electric field distribution on axis, with the ratio of the potential 
where q is the ion charge, r 0 is the initial root mean square (rms) transverse size, z 0 is the rms longitudinal size, and a prime denotes the derivative with respect to z. The anode voltage function V a ðtÞ enables independent control of both the linear and higher order terms in the expansion. This is illustrated in Fig. 2 For details of the accelerator structure, see [16] . The anode voltage V a can be switched between three states: zero, a positive high voltage level (V p ), and a negative high voltage level (V n ) with a switch time of 50 ns.
At a distance L ¼ 0:64 m from the center of the accelerator, a 40 mm diameter multichannel plate detector with phosphor screen is mounted. A CCD camera is used to capture images of the phosphor screen that contain the spatial information of the ion bunches. Simultaneously, the temporal distribution of the ion bunch is recorded on an oscilloscope by using a transimpedance amplifier connected to the phosphor screen. From this the total charge Q of the bunch, the time of flight T to the detector, and its rms spread T are extracted. The beam energy U is calculated from T, with U ¼ ð1=2ÞmðL=TÞ 2 , and the relative energy spread is given by U =U ¼ 2 T =T.
In Fig. 3(a) , we present results of the longitudinal phasespace manipulation. By time-of-flight measurements, the beam energy U and the relative energy spread U =U were determined. The relative energy spread U =U due to the acceleration can be approximated by U =U ¼ 2Áp z =p z , with p z the average ion momentum and Áp z given by Eq. (1b). First we look at the dc measurements, indicated by the purple circles in Fig. 3(a) . For the dc case [V a ðtÞ ¼ constant], Eq. (1b) results to the lowest order in z 0 in U =U ¼ z 0 je z ð0Þj, with e z ð0Þ the normalized electric field at the initial position of the bunch (z ¼ 0). Because U and U are both proportional to the acceleration voltage, the relative energy spread U =U is independent of beam energy, as is clearly illustrated by the data in Fig. 3(a) . In dc fields, a small relative energy spread can therefore be realized only by choosing a small initial z 0 . By using time-dependent fields, U =U can be reduced without changing z 0 : With a unipolar switch function of duration , the accelerating field can be turned off while the ion bunch is still being accelerated. The time spent in the field is
with z s the position of the center of the bunch when the field is turned off (t ¼ ). If the field is switched off after the ions have left the accelerator field, Eq. (2) reduces to the expression derived for the dc case. In the idealized case of a perfectly homogeneous electric field inside the accelerator, i.e., e z ðz s Þ ¼ e z ð0Þ, the first term exactly cancels the second term in Eq. (2) . If the field is not homogeneous, the first term still partially reduces the energy spread. In Fig. 3(a) , measurements are shown performed with such a unipolar pulse. The relative energy spread U =U is measured as a function of U by varying from 100 ns up to 2 s for three different V p ¼ 2000, 1000, and 500 V at a bunch charge of % 0:5 fC. The encircled points correspond to pulse durations for which the ions have already left the accelerator at t ¼ and are therefore not influenced by the field switching. In that case U =U coincides with the dc measurements. For shorter , both U and U are reduced, but U reduces more than U, because the influence of the field derivatives in Eq. (1b) is smaller. For even shorter , T becomes so long that space-charge effects start to increase U . This is the same effect as observed in Ref. [8] . In the region where space-charge effects are not important, the curves for different V p have the same shape and can in fact be made to overlap by scaling the U axis proportional to V p .
To quantitatively understand the measurements, particle tracking simulations were performed with the GPT [17] code. All the ions in the bunch are tracked individually with all mutual Coulomb interactions included. The initial conditions are the same for all simulations and are chosen with values within measurement uncertainty. The simulation results are depicted in Fig. 3 . Good agreement with the data is obtained. Small deviations from the simulations occur in the low-energy region, where space-charge effects become significant. A reduction of a factor of 3 of the relative energy spread is obtained. To improve the reduction further, optimization of the field shape is required. Now we discuss manipulation of the transverse phase space. Simultaneously with the time-of-flight signals, the spatial ion bunch distribution on the detector was captured by the CCD camera. This is shown in Fig. 3(b) , where the transverse spot size x on the detector is plotted as a function of U. The behavior in the longitudinal (z) and the transverse (x) direction is very similar, as expected in view of the strong similarities between Eqs. (1a) and (1b).
The divergent field at the exit hole of the accelerator structure acts as a lens with a focal strength given by 1=f ¼ ÀÁp r =ð r 0 p z Þ. The lens effect is described by the first term in the expansion in Eq. (1a). When the bunch velocity is assumed constant while passing through the divergent part of the field, a simple expression can be derived. In the dc case this results in 1=f ¼ À1=4e z ð0Þ, corresponding to a negative focal length f ¼ À33 mm for our accelerator structure. This lens effect can be observed in the dc measurements in Fig. 3(b) . At high energy; the bunch size is increased due to the lens by a constant factor of 16 compared to the initial size; at lower energies (U < 200 eV), the spot blows up even further due to space charge.
The results of the unipolar experiments are indicated by the black, red, and blue symbols in Fig. 3(b) . For this unipolar case, the focal strength can be written as
The encircled points of the curves correspond to measurements where is again so long that the ions experience the full divergent field. When is reduced, the field is switched off while the ions are still in a divergent part of the field, so the radial momentum spread Áp r is reduced [see the field diagram in Fig. 3(b) ]. As is clear from Eq. (3), the negative lens strength is then also reduced, resulting in a smaller spot on the screen. At even shorter , and thus lower U, space charge starts to increase the spot size again. Instead of simply turning the field off with a unipolar pulse, it is also possible to change the sign of the radial electric field with a bipolar pulse (see Fig. 4 ). By choosing a suitable bipolar pulse, the radial momentum an ion receives can be inverted, so the diverging accelerator field can now be used as a positive lens. For this pulse the focal strength can be approximated with
Clearly, the focal strength can be controlled by changing the duration and amplitudes of the pulse. As a side effect, also the field in the z direction is reversed, so the ions start to decelerate. In Fig. 4 , measurements are shown of the spot size on the detector when a bipolar pulse with V p ¼ 1000 V and ¼ 633 ns is applied. The negative voltage V n has a duration longer than the time the bunch spends in the accelerator. The figure clearly shows that, when V n is increased, the bunch first focuses on the detector and then starts to overfocus. Phosphor screen images are added to illustrate the effect. The bunch is focused on the detector when V n ¼ 540 V; in that case it is accelerated to U ¼ 280 eV with the positive pulse and decelerated to U ¼ 180 eV by the negative pulse. Again, measurements agree well with particle tracking simulations, indicated by the solid curve.
So far, we have shown that we can control the linear term in Eqs. (1a) and (1b) with the time-dependent fields, but control of higher orders is also possible. As a demonstration, we change the spherical aberration due to the exit fields of the accelerator. To determine the amount of spherical aberration, the transverse position x on the detector is measured as a function of the initial position x 0 . The position x 0 is changed by moving the ionization laser focus. When the exit lens is aberration-free, the relation between x 0 and x is linear (x ¼ Ax 0 ); when spherical aberrations are present, a third-order term appears (x ¼ Ax 0 À Cx 3 0 ), which is the result of the e 000 z term in Eq. (1a). By changing V a ðtÞ, the integral of this term can be controlled (Fig. 5) . From the coefficient A, the focal length is obtained by f ¼ ÀL=ðA À 1Þ and the third-order coefficient C is related to the C s coefficient by C s ¼ f 3 C, if the bunch is focused on the detector. The spot size s due to spherical aberrations in a focusing system is given by s ¼ C s 3 , with the lens acceptance angle [11] .
A bipolar and a tripolar switch function were used in the experiment in Fig. 5 . For each, three measurements are shown with f ' L. A horizontal line (A ¼ 0) would correspond to a focus precisely on the detector, a positive linear slope to a focus behind the detector, and a negative slope to a focus in front of the detector. In Fig. 5(a) , the deviation from linear behavior is clear and fits well with a third-order term (solid curves). The bipolar pulse results in C s ¼ À1:1 AE 0:1 Â 10 4 m. By changing only to a tripolar pulse [ Fig. 5(b) ], the sign of the aberration coefficient is reversed to C s ¼ 4:0 AE 0:2 Â 10 4 m. This shows that manipulation with time-dependent fields can be used to achieve aberration-corrected systems.
In conclusion, we have shown that phase-space manipulation of ultracold ion beams with time-dependent acceleration fields is experimentally feasible. We have shown that a unipolar pulse can be used to reduce the relative energy spread, a bipolar pulse can be used to change the sign of a lens, and, finally, a tripolar pulse can be used to change the sign of the spherical aberration coefficient. Even more complex pulses will enable further possibilities. (solid curves). Results are shown of measurements using (a) a bipolar pulse (C < 0) and (b) a tripolar pulse (C > 0).
